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Context: CP violation in 2012

Flavor and CP
violation in
flavor-changing
processes is
dominated by the
CKM mechanism.

[CKMfitter: hep-ph/0104062, hep-ph/0406184 ; http://ckmfitter.in2p3.fr – Winter, 2012 update]
But the CKM mechanism cannot explain
the baryon asymmetry of the Universe....
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What’s Next?

We can

i) continue to test the relationships that a single CP-violating
parameter entails to higher precision

– as well as –

ii) continue to make “null” tests.
Enter EDMs, as they are inaccessibly small in the CKM
model.

QCD can possess a CP-violating parameter: θ̄. Namely,
LCP = αs θ̄

8π ε
αβµνF a

αβF a
µν

Experiment tells us θ̄ � 1, but the SM offers no explanation – a strong
CP “problem”.
We will want to distinguish θ̄ from other sources of
low-energy CP violation....
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on the Electric Dipole Moment

The electric dipole moment d and magnetic moment µ of a nonrelativistic
particle with spin S is defined via H = −d S

S · E− µ
S
S · B

This in itself suggests an experimental strategy.
Applied electric fields can be greatly enhanced within atoms and molecules...
[Purcell and Ramsey, 1950]

Assuming CPT invariance the relativistic generalization is:
L = −d i

2 ψ̄σ
µνγ5ψFµν − µ i

2 ψ̄σ
µνψFµν

Through the EDM d , a P-odd, T -odd observable, we probe new sources of
the CP-violation.

On dimensional grounds, under SU(2)L× U(1) gauge invariance, with
sinφCP ∼ 1, [de Rujula et al., Nucl Phys B 357, 311 (1991)]

dd ∼ 10−3e md (MeV)
Λ(TeV)2 ∼ 10−25/Λ(TeV)2 e-cm.

Λ is the scale CP is broken.
Thus |d expt

n | < 2.9× 10−26 e-cm at 90%CL [Baker et al., PRL 97, 131801 (2006)]

implies that Λ ∼ 1 TeV.
The n EDM probes TeV-scale physics (at least).
SU(2)L×U(1) gauge invariance brings an EDM probe down to the weak scale.
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Comparing EDM limits

This simple scaling argument can be used broadly...

We can use it to crudely (!) compare EDM limits in different systems, though
they probe different physics.

Note (me/md ) ∼ 0.1 and (mµ/md ) ∼ 20 to yield “neutron equivalent” limits of
3 · 10−27 e-cm and 6 · 10−25 e-cm, respectively, for the electron and muon.

cf. the experiment limits...

Tl atom: |de| ≤ 1.6 · 10−27 e-cm [Regan et al., PRL 88, 071805 (2002)]

YbF: |de| < 1.05 · 10−27 e-cm [Hudson et al., Nature (2011)]

µ: |dµ| < 1.9 · 10−19 e-cm [Bennett et al., 2009]

The µ EDM is relatively poorly known.
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EDMs in extensions of the SM

Many models of electroweak-symmetry breaking also give rise to substantial
EDMs.

Models with weak-scale supersymmetry are a particular stand-out.
Such can resolve the hierarchy problem and are sufficiently weakly coupled
to be consistent with precision electroweak constraints.
Moreover, SUSY models generically have many new sources of CP violation,
and can produce a BAU in the electroweak phase transition more efficiently
than in the SM.

This in itself is indirect support for supersymmetry.

However, the non-observation of additional chirality-changing effects
constrain new scalar masses and mixings, both their Re and Im parts.

Note too recent CMS limits [1205.0272] on pair-produced new particles at 95%
CL:
mg̃ > 1098 GeV mt̃ > 737 GeV mτ̃ > 223 GeV
In the absence of signals from the LHC, EDMs can give crucial insight.
Note talk by K. Blum.
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The SUSY CP Problem

The MSSM generically has many additional sources of CP violation because
all the soft breaking terms can be complex.
Many constraints come from the non-observation of flavor-changing
CP-violating effects beyond those of the SM:

in K ’s:
Γ(KL → 2π) (εK ) and from the
pattern of isospin-breaking in
Γ(KL,KS → π+π−, π0π0) (ε′).

in B’s:
ACP(b → sγ), Γ(B, B̄(t))→ ψKS, ... ,

We can study flavor-conserving, CP-violating processes also.
=⇒ Enter the EDM of the neutron, electron,....
In the case of the µ, this is the “complex”, i.e., CP-violating, analogue of the
study of κµ ≡ (g − 2)µ. We can compute (g − 2)µ in the SM.
Such studies are highly complementary.
[Graesser and Thomas, 2001; Feng, Matchev, Shadmi, 2001]

The leading contribution to the
neutron EDM in the MSSM:
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Neutron EDM Timeline – The “Model Killer”

[S. Lamoreaux (Yale)]
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EDMs in the CKM Model

Why are they so small?
The structure of the CKM matrix guarantees that dq is zero at two-loop order.
[Shabilin, Sov. J. Nucl. Phys. 28, 75 (1978)]

The first non-trivial contributions come at 3 loops, the largest involving a
gluon [Khriplovich, PLB 173, 193 (1986)]

In leading logarithmic order at three loops
dCKM

d ' 10−34 e-cm.
[Czarnecki and Krause, PRL 78, 4339 (1997)]

de for massless neutrinos
first appears at 4-loop
order:
dCKM

e ≤ 10−38 e-cm
[Khriplovich and Pospelov, Sov. J. Nucl. Phys.

53 (1991) 638.]

N.B. ν mixing gives enhancement

[Ng and Ng, 1996]

There is a huge mismatch between the SM predictions and the current
experimental reach; we will explore ways to fill the gap!
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EDM Enhancements in the CKM Model

Chiral dynamics can give an enhancement (Note talk by E. Mereghetti)

Namely, dCKM
n ' 10−32 e-cm.

[Gavela et al., PLB 109, 215 (1982); Khriplovich and Zhitnitsky, PLB 109, 490 (1982).]

Bound-state effects involving charm may also yield an enhancement:

Namely, dCKM
n ' 10−31 e-cm. [Mannel and Uraltsev, 1202.6270]
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The Effective CP-Violating Lagrangian at Λ ∼ 1 GeV

We now consider sources of CP violation beyond the SM. Thinking broadly
and systematically...

LΛ =
αsθ̄

8π
εαβµνF a

αβF a
µν

− i
2

∑
i

di ψ̄iFµνσµνγ5ψi −
i
2

∑
i

d̃i ψ̄iF a
µν taσµνγ5ψi

+
1
3

wf abcF a
µνε

νβρδF b
ρδF

µ,c
β +

∑
i,j

Cij (ψ̄iψi )(ψ̄j iγ5ψj ) + . . .

with i , j ∈ u,d , s,e, µ. [Pospelov and Ritz]

We neglect terms higher than dimension 6.
Models with new scalar degrees of freedom (MSSM!) generate di and d̃i , e.g.
The EDMs of different systems can be helpful in
disentangling the various sources.
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EDMs of Complex Systems

There is a hierarchy of scales to consider:

[Ginges and Flambaum, 2004]

EDMs in neutrons, nuclei, atoms, and molecules are broadly complementary.
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Atomic Scale Enhancements of EDMs

Limits on the electron EDM de come from paramagnetic (Je ∝ 1/2)
and diamagnetic (e.g. Je = 0) atoms — and molecules.
These systems can evince various long-distance

enhancements.

Schiff theorem (1963):
in the nonrelativistic limit a neutral, point-like atom will shield an
applied electric field, so that there is no atomic EDM even if de 6= 0.
Schiff’s theorem can be strongly violated by relativistic and finite-size
effects. Thus the “effective” electric field is much enhanced and better
EDM limits emerge.
For paramagnetic atoms, relativistic effects rule. For alkali atoms
dpara(de) ∼ 10 Z 3α2

J(J+1/2)(J+1)2 de
[Flambaum, 1976; Sandars, 1965]

Such effects can be larger still for polar molecules [e.g., YbF].
Studies in paramagnetic atoms/molecules are most sensitive to de.
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Atomic/Nuclear Scale Enhancements of EDMs

[Ginges and Flambaum, 2004]

Atomic EDMs can also be induced by P-odd, T-odd nuclear moments – here
finite-size effects rule

Nuclear deformation and atomic state mixing can also play a role [Ra, Rn].
Different enhancement mechanisms can operate
simultaneously.

S. Gardner (Univ. of Kentucky) EDMs@Project X PXPS 2012, Fermilab 14



Anatomy of an Atomic EDM limit

To interpret an EDM limit in 199Hg, say, one must not only compute d(atom) in
terms of S, the Schiff moment, but also compute the Schiff moment in terms
of T-odd, P-odd πNN coupling – and connect the latter to fundamental
sources of CP violation!

[de Jesus and Engel, 2005]

What is the road from discovery? How do we interpret what we have
found?
EDMs of the neutron, proton, and simple nuclei?
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QCD matrix elements

How well can we interpret an EDM limit?

Let compare matrix element calculations for θ̄-QCD:
chiral: dn(θ̄) = 5.2 · 10−16θ̄ e-cm [Crewther et al., 1979]

QCD sum rules: [Pospelov and Ritz, PRL 1999]

dn(θ̄) = (1± 0.5)
〈q̄q〉

(225 MeV)3 2.5 · 10−16θ̄ e-cm

They are crudely comparable, but... [Narison, PL B666, 455 (2008)]

cf. claimed 50% error in QSR method
for CP-violating ops. w/ dimension ≤ 5
[Pospelov & Ritz, PRL 1999]

N.B. Test germane nucleon matrix element computations by confronting the
empirical anomalous moments [Brodsky, SG, Hwang, 2006]

Note lattice talks by Shintani and Bhattacharya
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Summary and Outlook

EDMs are powerful probes of new sources of CP violation at the TeV
scale and beyond.

EDM studies in a range of systems are complementary.

Improving EDM limits should sculpt the possible TeV-scale landscape in
interesting ways!

A Project “Z”?

N.B. APV experiments can complement other studies in flavor physics:
AFB in t t̄ at the Tevatron and ACP in charm....
[Gresham et al., 1203.1320, re: Grinstein et al., 2011, Blum et al., 2011]
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Backup Slides
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Electric Dipole Moments in Split Supersymmetry

Can resolve SUSY CP problem by making superpartners heavy or CP
phases small....
Models with “split” supersymmetry (heavy scalars!) can still produce
significant EDMs at two-loop order: [Chang, Chang, Keung, 2005; Giudice and Romanino, 2006]
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n and “e” EDMs are complementary! [see also Pospelov and Ritz]

Both de and dn are expected to improve.
|dn| ≤ 2.9 · 10−26 e-cm (90% CL) [Baker et al., PRL 97, 131801 (2006)]

|de| ≤ 1.6 · 10−27 e-cm [Regan et al., PRL 88, 071805 (2002)]

Some supersymmetric models (from “M Theory”) realize CP violation only in
the quark and lepton Yukawas =⇒ EDMs are SM-like [Kane, Kumar, Shao, arXiv:0905.2986]
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Other Possibilities? Enter decay correlations

For the neutron in a V − A theory:

d3Γ ∝ Ee|pe|(Emax
e − Ee)2×

[1 + a
pe · pν
EeEν

+ P · (Ape

Ee
+ B

pν
Eν

+ D
pe × pν

EeEν
)]dEedΩedΩν

A and B are P odd, T even, whereas D is (pseudo)T odd, P even.
In some models the severity of EDM limits make the appreciable appearance
of new physics in T-odd β-decay correlations impossible.
[Herczeg (2004); note also Ng and Tulin (2012)]

Limits on permanent EDMs of nondegenerate systems and T-odd
correlations in β-decays probe new sources of CP violation — all these
involve spin....
In radiative β-decay we can form a T-odd correlation from momenta alone:
~pγ · (~pe × ~pν), so that we probe new physics sources which are not
constrained by EDM limits. [SG and Daheng He, 2012]
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Anomalous interactions at low energies

What sort of interaction gives rise to a ~pγ · (~pe × ~pν) correlation at low
energy?
Harvey, Hill, and Hill: Gauging the axial anomaly of QCD under
SU(2)L×U(1)Y makes the baryon vector current anomalous and gives rise to
“Chern-Simons” contact interactions (containing εµνρσ) at low energy.
[Harvey, Hill, and Hill (2007, 2008)]

In a chiral Lagrangian with nucleons, pions, and a complete set of
electroweak gauge fields, the requisite terms appear at N2LO in the chiral
expansion. Namely, [Hill (2010)]

L(3) = ...+
c5

M2 N̄iεµνρσγστaTr({Aµ, [iDν , iDρ]})N + ...

Thus the weak vector current can mediate
parity violation on its own.
Our correlation probes the Im part of the interference with the leading vector
amplitude. Existing constraints are poor.
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Other Possibilities

Suppose the weak scale is simply fine-tuned and/or that no future LHC
discoveries are compatible with supersymmetry.
Are EDM measurements still important? Yes!

extra generation (SM)

other (walking technicolor;
asymmetric dark matter)

supersymmetry

B hints

yes

?

-

BAU

yes

?, yes

yes

EDM

yes

?

yes

Note anomaly cancellation demands that SU(2) doublets appear in twos.
[Witten, 1982]

Some models will also have interesting magnetic moment signals.
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on a Heavy Fourth Generation

If the fourth generation of quarks are sufficiently massive, they can
significantly enhance the produced BAU as well as the expected EDM using
SM mechanisms.

Precision electroweak measurements tolerate this addition.
[Erler and Langacker, 2010 (1003.3211)]

Heavy quarks dramatically enhance the Jarlskog invariant.
[Hou, 2008 (0810.3396v2)]

In the SM

J = (m2
t −m2

u)(m2
t −m2

c )(m2
c −m2

u)(m2
b −m2

d )(m2
b −m2

s )(m2
s −m2

d )A

where A ' 3× 10−5. With (t ′,b′) ∼ 300 GeV we have in effect

J = (m2
t′ −m2

u)(m2
t′ −m2

c )(m2
t −m2

c )(m2
b′ −m2

s )(m2
b′ −m2

s )(m2
b −m2

s )Asb
234

where Asb
234/A ∼ 30 (if B hints hold up) and the mass factors yield an

enhancement of 1013.
This may well suffice to make the SM mechanism of BAU viable.
This scenario has also been explored for EDMs. Here 3-loop electroweak
effects dominate. If mt′ ∼ 500− 600 GeV, then dd ∼ 10−29 e-com. [Hamzaoui and

Pospelov, 1995 (hep-ph/9508222v1)]
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